The experimentally observed spectra of heavy vector meson radial excitations show a dependence on two different energy parameters. One is associated with the quark mass and the other with the binding energy levels of the quark anti-quark pair. The first is present in the large mass of the first state while the other corresponds to the small mass splittings between radial excitations. In this article we show how to reproduce such a behavior with reasonable precision using a holographic model. In the dual picture, the large energy scale shows up from a bulk mass and the small scale comes from the position of anti-de Sitter (AdS) space where field correlators are calculated.
INTRODUCTION
Vector mesons made of light quarks present an approximately linear relation between the mass squared and the radial excitation number n, the so called radial Regge trajectory: m 2 n ∼ αn. So, the mass spectrum can be approximately described by just one dimensionfull parameter (energy scale), related to the interaction between the quark and the anti-quark. states, where the difference in the scales is even more evident. The Regge trajectories for heavy quarkonium are discussed, for example, in [2] .
AdS/QCD models, like the hard wall [3] [4] [5] , are motivated by gauge string duality [6] [7] [8] and provide nice descriptions of mass spectra of glueballs and vector mesons made of light quarks. A recent review of hard wall and other holographic models developed afterward can be found in [9] .
Heavy vector mesons have been discussed in the context of AdS/QCD models in refs. [10] [11] [12] [13] [14] [15] [16] [17] [18] . However, concerning the mass spectra of S-wave states of heavy quarkonium, there is no accurate predictive AdS/QCD model available in the literature. The previous studies either provide masses with large errors with respect to experimentally observed data, or depend on many parameters, thus lacking of predictivity. In particular, the simplest picture that one could draw for the heavy quarkonium states is that the mass spectrum should depend on the quark mass, that is flavor dependent, and on the quark anti-quark interaction, that is flavor independent. This simple physical picture is absent in these previous works and will emerge in the present article.
We present here a holographic AdS/QCD model that describes the masses of the Swave states of charmonium and bottomonium with just 3 parameters that have a very clear physical interpretation: one is associated with the mass of c quark, the other with the mass of b quark and the third with the flavor independent quark interaction. The model reproduces the masses of ten states of charmonium and bottomonium with good precision, characterized by 6.1% rms error.
II. HOLOGRAPHIC PICTURE OF HEAVY VECTOR MESONS
The current J µ =qγ µ q associated with a heavy vector meson is assumed to be dual to the V µ components of a massive vector field V m = (V µ , V z ) (µ = 0, 1, 2, 3) living in anti-de sitter space:
where (t, x) ∈ R 1,3 and z ∈ (0, ∞) is called radial coordinate. For the action, we choose
where there is no gauge invariance, but we assume that solutions of the vector field satisfying the condition V z = 0 work, as in the conformal case, as the sources of the current correlators.
The idea of using a bulk mass that varies with the radial coordinate as a type of infrared cut off in the gauge theory has the following interpretation: the radial coordinate of AdS space is associated with the energy of the gauge theory. A bulk mass increasing quadratically with z implies that low energies are represented by bulk fields with large mass. The limit of zero energy corresponds to an infinitely massive field. So, the bulk mass term suppress the low energies of the gauge theory.
It is important to remark that the sign of the bulk mass term −µ 2 V m V m in eq. (2), with our metric convention, is the opposite of the usual mass term of a vector field. That means, it is like an imaginary mass term. If one choose an action like (2) but with an opposite mass term +µ 2 V m V m it is known [19, 20] that such a term can be eliminated by a field redefinition. This way, an action like (2) but with the a mass term +µ 2 V m V m can be maped into a soft wall action [21] without mass. In the present case, this is not possible due to our choice of sign. Therefore, our action is not equivalent to a soft wall action. Thus, the new model that we are proposing for heavy vector mesons is not equivalent to a soft wall model. The second energy parameter that is needed to represent the heavy vector mesons, corresponding to the quark anti-quark interaction, is introduced in the model as the inverse of the position z = z 0 of the radial AdS coordinate where the correlation functions of the gauge theory currents are calculated. We take the prescription:
where the source of the current operator is the value of the bulk field at the finite location
and the on shell action is obtained by constraining the action of eq. (2) to the AdS slice z 0 ≤ z < ∞. This means the on shell action is:
where we introducedg One can represent the vector field V µ (x, z) in momentum space and use the decomposition
where v(p, z) is the bulk to boundary propagator that satisfies the equation of motion:
The boundary condition:
imposes that V 0 µ (p) acts as the source of current-current correlators. The upper limit of the on shell action in eq. (4) is cancelled imposing Neumann boundary condition at infinity:
It is important to remark that when one uses a massless vector field to generate the correlators of the gauge current by means of a coupling term of the form:
invariance of the field implies conservation of the current. In the present case, where we use a massive vector field, the coupling to the currents does not guarantee by itself the conservation of the current. We will assume that the current is conserved, since it comes from a gauge invariant theory. The vector field is just as an external source that generates the expectation values of the currents. So, in momentum space the currents are transversal and the vacuum expectation value of product of currents has the structure:
The AdS/CFT prescription, proposed in refs. [7, 8] , is to take the on shell action as the generator of the gauge theory correlators. Correspondingly, the bulk fields at z = 0 play the role of the generators of the boundary theory correlators. Here an analogous prescription is used. The difference is that we take the bulk fields at the finite position z = z 0 as the sources for the gauge theory correlators and assume that the same relations between bulk fields and boundary operators of the AdS/CFT correspondence are valid. Correspondingly, the generator of correlation function is:
This holographic prescription provides an expression for the two point function in terms of the bulk to boundary propagator:
The equation of motion (6) with Neumann boundary condition at infinity, has the solution:
where U(a, b, x) is the confluent hypergeometric Kummer function as defined in [24] and C(p) is an arbitrary factor that does not depend on z. Following a similar procedure as in [23] , one can build the bulk to boundary propagator, satisfying v(p, z 0 ) = 1, by simply choosing C(p) appropriately:
Inserting the bulk to boundary propagator (13) in our holographic two point function of eq.
(11) one finds:
We associate the poles of G(p 2 ) with the masses of the states of the theory: p 2 n = −m 2 n . At this point it is interesting to compare the approach developed here with the hard wall model [4, 5] . In the hard wall case, the space ranges from z = 0 to a maximum value 
n . Note that the normalization condition of eq. (7) is achieved by writting
) and choosing C(p) to be the inverse of the value of the function exp( In the next section we show the mass spectra for charmonium and bottomonium S-wave states, obtained from the poles of eq. (14).
III. MODEL VERSUS EXPERIMENTAL DATA
The experimental values for the masses of S-wave states of charmonium and bottomo- 
where O i is the average experimental value and δO i is the deviation of the value given by the model. We find for our estimate of 10 states with 3 parameters: δ rms = 6.1 %. In particular, considering separately the charmonium states, we have an rms error of δ c rms = 1.7 %. It is interesting to mention that although the experimental data available for charmonium at present time are conclusive only for the masses of the first four states: 1S -4S, there is also some indication from experimental data on e + e − anihilation analyzed by BaBar collaboration about higher S-wave states. In ref. [25] masses for 5S up to 8S states are estimated, based on data from BaBar published in ref. [26] . We present on IV.
FINAL COMMENTS
The results of the tables presented in the previous section and the rms errors of 6.1 % show that the model proposed here is indeed capturing the behavior of the mass spectra of heavy vector meson radial excitations. The large energy scale, related to the quark mass, was introduced as a varying bulk mass while the small scale associated with quark anti-quark interaction showed up from the position of anti-de Sitter space where operator expectation values are calculated.
For completeness, we mention that the calculation of correlation functions at a finite position in AdS space appeared, in the context of exponential (soft wall) dilaton background, in [23] and was used recently in [27] to describe the observed behavior of decay constants of vector mesons.
As we have shown here, it is the combination of the varying bulk mass with the definition of the gauge theory correlators at a finite location of AdS space that provides the appropriate description of heavy vector mesons masses.
